Stimulus-specificadaptation (SSA) is considered to betheneural underpinning of habituation to frequentstimuli and novelty detection. However,neither thecellular mechanism underlying SSAnor thelink between SSA-likeneuronal plasticity and behavioral modulation is well understood.Thewind-detection system in crickets is oneof thebest models for investigating theneural basis of SSA.Wefound that crickets exhibit stimulus-direction-specificadaptation in wind-elicited avoidancebehavior.Repetitiveair currents inducing this behavioral adaptation reduced firings to thestimulus and theamplitudeof excitatory synapticpotentials in wind-sensitivegiant interneurons (GIs) related to the avoidance behavior.Injection of a Ca 2･ chelator into GIs diminished both theattenuation of firings and thesynaptic depression induced bytherepetitivestimulation,suggesting thatadaptation of GIsinduced bythisstimulation resultsin Ca 2･ -mediated modulation of postsynaptic responses, including postsynaptic short-term depression. Some types of GIs showed specific adaptation to thedirection of repetitivestimuli,resultingin an alteration of their directional tuningcurves.Thetypesof GIsfor which directional tuning was altered displayed heterogeneous direction selectivity in their Ca 2･ dynamics that was restricted to a specific area of dendrites. In contrast,other types of GIs with constantdirectionality exhibited direction-independentglobal Ca 2･ elevation throughoutthedendritic arbor. These results suggest that depression induced by local Ca 2･ accumulation at repetitively activated synapses of key neurons underlies direction-specific behavioral adaptation. This input-selective depression mediated by heterogeneous Ca 2･ dynamics could confer the ability to detect novelty at the earliest stages of sensory processing in crickets.
Introduction
Habituation is the sim plest form of learning and causes anim als to becom e less responsive to repeated occurrences of a stim ulus.
Repeated stim uli with sim ilar physical properties m ay cause a reduction in an animal's reflex, whereas a novel stim ulus with properties different from the repeated stim ulus can elicit a strengthened reflex in the habituated anim al (Rankin et al., 2009) . In nature, detecting and attending to novel stim uli is a crucial task of the nervous system . Stim ulus-specific adaptation Significance Statement Stimulus-specific adaptation (SSA) is considered to be the neural underpinning of habituation and novelty detection. We found that crickets exhibit stimulus-direction-specificadaptation in wind-elicited avoidancebehavior.Repetitiveair currents inducing this behavioral adaptation altered the directional selectivity of wind-sensitive giant interneurons (GIs) via direction-specific adaptation mediated by dendritic Ca 2･ elevation. The GIs for which directional tuning was altered displayed heterogeneous direction selectivity in their Ca 2･ dynamics and the transient increase in Ca 2･ evoked by the repeated puffs was restricted to a specific area of dendrites. These results suggest that depression induced by local Ca 2･ accumulation at repetitively activated synapses of key neurons underlies direction-specific behavioral adaptation. Our findings elucidate the subcellular mechanism underlying SSA-like neuronal plasticity related to behavioral adaptation.
(SSA) is the neural process responsible for novelty detection, in which neurons that have adapted to frequently occurring stim uli respond strongly to a novel stim ulus (Ringo, 1996) .SSA occurs in the visual (M ovshon and Lennie, 1979; Saul and Cynader, 1989; Dragoi et al., 2000) , auditory (Condon and Weinberger, 1991; Malone et al., 2002; Ulanovsky et al., 2003) , and som atosensory (Derdikm an et al., 2006; Katz et al., 2006) cortices of mammals. For exam ple, after repeated delivery of a single-frequency tone, auditory cortical neurons preferentially respond to novel stim uli of different frequencies rather than to the sam e prior stim ulus (Ulanovsky et al., 2003) . Sim ilarly, short-term exposure to adapting visual stim uli with specific orientations shifts the orientation preference tuning curve of cat visual cortical neurons (Dragoi et al.,2000 (Dragoi et al., ,2001 .Cortical SSA hasbeen proposed asa higher-order feature of sensory processing that is transm itted to subcortical structures via top-down circuits (Nelken and Ulanovsky, 2007) . In addition, SSA-like plasticity in neuronal responses has been reported in a variety of anim als (Reches and Gutfreund, 2008; Ponnath et al., 2013) including in invertebrates with sim ple CNSs (Givois and Pollack, 2000; Schul and Sheridan, 2006; Schul et al., 2012) . Therefore, SSA is considered to be the universal neural basis for novelty detection during habituation. An integrative study on SSA in a sim ple nervous system for which a behavioral role hasbeen described should provide a com plete picture of SSA, including how SSA-like plasticity in individual neurons is involved in the habituation of anim al behavior, as well as how the cellular m echanism by which synaptic plasticity discrim inates between frequent and novel inputs functions. To address these questions, we adopted a com prehensive approach to cercalm ediated walking behavior in the cricket, com bining behavioral testing, electrophysiology, and optical im aging techniques.
Crickets dem onstrate oriented escape behavior to air current stim uli that is m ediated by the cercal sensory system , a m echanosensory system in orthopteran insects that detects surrounding air currents . The receptor organs involved are a pair of antenna-like appendages called cerci at the rear of the abdom en, each covered with 500 -750 m echanosensory filiform hairs (Palka et al., 1977; M iller et al., 2011) . Air currents in the anim al's im m ediate environm ent m ove these hairs and activate receptor neurons. The response am plitude of each receptor depends on the velocity and direction of the air current (Shim ozawa and Kanou, 1984; Landolfa and Miller, 1995) . Mechanosensory afferents m ake synapses with a group of interneurons, including 8-10 pairs of identified giant interneurons (GIs) (Jacobs and M urphey, 1987) . These GIs have unique dendrites within the term inal abdom inal ganglion (TAG) and extend large-diam eter axons to higher centers including thoracic and cephalic ganglia (Hirota et al., 1993) . Like the sensory afferents, the GIs are also sensitive to the direction and dynam ics of air currents (Miller et al., 1991; Theunissen and Miller, 1991) . Depolarizing current injection into specific GIs m odifies turning locom otion and evokes leg m ovem ent (Hirota et al., 1993; Gras and Kohstall, 1998) and selective ablation of single GIs alters the m otor control of wind-elicited walking behavior (Oe and Ogawa, 2013) . These observations im ply a crucial role for GIs in this behavior. This m akes it an ideal m odel for investigating the behavioral im pact of SSA because cellular substrates in the underlying neural circuit have been identified and distinct roles for these cells and response properties, such as the directional selectivity, have been well docum ented. The aim of this study was to clarify the neuronal m echanism underlying direction-specific adaptation in the wind-elicited walking behavior in the cricket.
Materials and Methods
Animals. Laboratory-bred adult m ale crickets (Gryllus bimaculatus) (body length, 23-31 m m ; body weight, 0.50 -1.20 g) were used in the experim ents. The anim als were reared under 12:12 h light/dark conditions at a constant tem perature of 27°C. Behavioral experim ents were conducted during the light phase at room tem perature.The guidelines of the Institutional Anim al Care and Use Com m ittee of the National University Corporation Hokkaido University contain no specific instructions for the use of insects in experim ents.
Treadmill system. Behavioral experim ents were conducted with a spherical treadm ill system as described in a previous study (Oe and Ogawa,2013 ).An anim al was tethered to the top of a Styrofoam ball (ø ･ 60 m m , 2.3 g) by m eans of a pair of insect pins bent into an L shape that were fixed with paraffin to the cricket's tergite. The head of each pin was inserted into a glass tube (ø ･ 1 m m ), enabling the cricket to lift its body and walk freely on the ball, which was floating on a stream of air (see Fig.  1A ). The treadm ill was placed in the center of a circular experim ental arena 24 cm in diam eter. The cricket's locom otion was indicated by the rotation of the ball, m onitored at a sam pling rate of 100 Hz by m eans of two optical detectors m ounted orthogonally on each side of the ball. TrackTaro software (Chinou Jouhou Shisutem u) was used to calculate the walking velocity based on the m easured ball rotation. This experim ent was perform ed in a dark, soundproof cham ber and the cricket's behavior was also m onitored with a CAM 130 Night Vision infrared charge-coupled device (CCD) video cam era (Tim ely) at 30 fram es/s.
Air current stimulation. Air puff stimuli consisted of a short puff of nitrogen gas from a plastic nozzle (diam eter, 15 m m ) connected to a PV820 pneum atic picopum p (World Precision Instrum ents). The velocity of the air puff was ･ 1.0 m /s m easured at the cerci. The duration of each puff was 200 m s and the interpuff interval in repetitive stim ulations was 1, 2, or 5 s. Eight nozzles for stim ulus delivery were arranged around the cerci in the sam e horizontal plane. The nozzle ends were positioned 75 m m from the anim al, with a 45°angle between neighboring nozzles. The stim ulus angle was m anually switched by m eans of airflow valves connected to the nozzles.
Behavioral test. To test for direction-specific adaptation in the windelicited walking behavior, we designed the following protocols of repetitive stim ulation. In the ･ 90°to 180°protocol, the stim ulus sequence consisted of four successive puffs delivered from a fixed angle (･ 90°), followed by a puff from an angle perpendicular to the previous stim ulus (180°) and a final puff from the initial angle (･ 90°). In the 180°to ･ 90°p rotocol, the angles of the frequent and novel stim uli were switched. All stim uli were provided at 2 s intervals. Using the treadm ill system , we m easured the m axim um walking speed in the 2 s between the successive puffs. For each anim al, four to eight trials were perform ed for each of the two stim ulation protocols. Trials were excluded if the walking speed in the response to the first puff was lower than 0.1 m/s. Isolated preparation. We prepared a preparation of the cercal sensory system isolated from the body for electrophysiological recordings and optical im aging under a fluorescence m icroscope. After the head, wings, and legs of the cricket were rem oved, an incision was m ade along the dorsal m idline of the abdom en. The gut, internal reproductive organs, and surrounding fat were rem oved to expose the TAG. Peripheral nerves of the TAG were severed except for the cercal nerves. To rem ove the sheath from the TAG and allow penetration of a glass m icroelectrode, a piece of filter paper soaked in 10% type XIV protease (Sigm a-Aldrich) was placed on the dorsal or ventral side. After washing with isotonic saline, the preparation, consisting of the sixth and term inal abdom inal ganglia, abdom inal connective nerves, cercal nerves, and cerci, was rem oved from the body and whole m ounted in a glass recording cham ber.
Electrophysiology. GI m em brane potentials were recorded intracellularly with a glass m icroelectrode (30-50 M･ ) filled with 150 m M potassium acetate and 2 m M Oregon green 488 BAPTA-1 (OGB-1) potassium salt (Life Technologies). GI action potentials were also m onitored with a pair of hook electrodes positioned under the abdom inal connective nerve cords. To estim ate the synaptic efficiency, paired pulses (interpulse interval, 20 m s; pulse duration, 50 ･ s) of electrical stim ulation were applied to the left or right cercal nerve with two pairs of hook electrodes at 1 Hz. The stimulus intensity was adjusted to a level that evoked subthreshold EPSPs without generating action potentials. Electrophysiological signals were digitized at 20 kHz with a Powerlab 4S analog-to-digital converter (AD Instrum ents) and analyzed with Chart version 7 software (AD Instrum ents).
Fluorescent indicator loading and optical recordings. The fluorescent Ca 2･ indicator (OGB-1) was loaded iontophoretically into GIs for 5 m in through a glass m icroelectrode at a hyperpolarizing current of 3 nA. Fluorescence im ages were observed with an Axiovert 100 inverted m icroscope (Carl Zeiss) equipped with a Fluar 10･ , 0.5 num erical aperture dry objective lens (Carl Zeiss), with illum ination from an XBO 75 w Xenon arc lam p (Carl Zeiss) having a stabilized power supply and a 480/20 band-pass filter for the excitation of OGB-1. GI Ca 2･ signals were m easured from fluorescenceim agescaptured through a FT510 dichroicm irror and 535/45 band-passfilter.A seriesof im ageswasacquired at 30 Hz and 256 ･ 256 pixels with an ORCA-ER digital cooled-CCD camera (Hamamatsu Photonics) attached to the microscope and AQUACOSMOS/Ratio software (Ham am atsu Photonics), which was also used to m easure the OGB-1 fluorescence intensity. Fluorescence intensities obtained from each image were corrected for background and the average value was determ ined for each polygonal-recording region of interest (ROI). To obtain tim e course displays of changes in fluorescence for several ROIs, the m ean fluorescence intensities were plotted as a function of tim e. Changes in cytosolic Ca 2･ concentration were calculated as Data analysis. To analyze the direction-selective properties of firing activity and dendritic Ca 2･ signals, we calculated the directional tuning curves in which the num ber of spikes evoked or the am plitude of transient increase of Ca 2･ in response to air puffs were plotted as a function of stim ulusangle.The num ber of spikesand am plitudes of Ca 2･ increase were each norm alized to the m axim um value am ong the responses to eight air currentsdelivered from different directions.Them ean anglewas used to characterize the directional bias in the spikes and Ca 2･ responses and was defined in each as the angle of the m ean vector of all response vectors evoked by the stim uli from different directions.
Statistical analysis. To assess the significance of behavioral adaptations, we used a one-way repeated-m easures ANOVA when the responses to the first to the sixth puffs m easured from the sam e individuals were com pared based on the norm alized each m axim um walking velocity. If there was a significant difference, we com pared the each response with the second to the sixth puff stim ulus to the naive response to the first puff using a post hoc Dunnett's test. The m axim um walking velocities were norm alized to the average value of the responses to the first puff in each individual anim al. To assess the significance of the adaptation in firing responses, a one-way factorial ANOVA was used when the responses recorded from different populations of the recorded neurons were compared in the num ber of spikes am ong the norm alized responses to the second to the fifth puffs. If there was a significant difference, we compared the populations between all pairs of responses with the first to the fifth puff stim uli using a post hoc Tukey's test. The num bers of spikes in responses to the second to the fourth puffs were norm alized to the average spike counts evoked by the first puff and the num bers in response to the fifth puff were norm alized to the naive response to the stim ulus from the sam e direction in each sam ple recorded. The m agnitude of the naive response used to norm alize the response to the fifth puff was adjusted based on the proportion of the response to the first puff to the naive response to the puff from the frequent stim ulus direction.
To assess the significance of the directional tuning shift, we used a Watson-William stest (Zar, 2010) when m ultiple populations were compared based on the m ean angle calculated from the directional tuning curve am ong different conditions of adaptation (the naive and adapted conditions for the 1,2,and 5 s intervals of repeated stim uli).To assess the significance of the attenuation rate of firing responses, a two-way repeated-m easures ANOVA was used when the responses recorded from the sam e neurons were com pared based on the num ber of spikes norm alized for the tuning curves between the stim ulus angles and between the stim ulus intervals.
To assess the significance of effects of the Ca 2･ chelator, a M annWhitney U test w as used when the responses recorded from different populations of neurons were com pared between the BAPTA-injected and dye-injected conditions. The am plitude and paired-pulse ratio of EPSPs evoked by the subthreshold electrical stim ulation were norm alized to the average for 40 s before the repeated air current stim ulation in each m easurem ent. These values were averaged for two different poststim ulation periods 20 -40 s and 60 -80 s after the onset of the repetitive stim ulation.
To evaluate the significant difference in the Ca 2･ accum ulation, a two-way repeated-m easures ANOVA was used when the Ca 2･ responses were com pared based on the peak value of transient Ca 2･ increase and on the basal Ca 2･ level between the stim ulus angles and between the stim ulusintervals. The peak value of the Ca 2･ transients was determ ined as m axim um value of ･ F/F in each response to individual puffs and the basal Ca 2･ level was determ ined as ･ F/F value just before the next puff with successive stim ulation. The peak and basal Ca 2･ levels were norm alized to the corresponding values of the Ca 2･ transient evoked by the first puff in each m easurem ent. To evaluate the significant difference in Ca 2･ -buffering capacity, a Mann-Whitney U test was used when the Ca 2･ responses induced by a single action potential recorded from different populationsof neurons were com pared based on the tim e constant of the Ca 2･ decay between two types of neurons (GIs 8-1 and 10-2). The num bers of anim als sampled and m easurements are stated in figure legends. Statistical tests were perform ed using R program m ing and ExcelTokei add-in software (SSRI).
Results
Direction-specific adaptation in wind-elicited walking behavior To determ ine whether wind-elicited behavior in crickets exhibits SSA, air puff stim uli were delivered repeatedly to a cricket tethered on a floating ball in a spherical treadm ill system (Fig. 1A) , which allowed cricket locom otion, including walking velocity and angular velocity,to be m onitored at high tem poral resolution (･ 1 kHz) (Oe and Ogawa, 2013) . During repetitive stim ulation in the ･ 90°to 180°protocol (see Materials and Methods), the cricket began walking in response to each puff and turned in the clockwise direction to avoid the stim ulus (Fig. 1B) . The walking velocity gradually decreased throughout the delivery of the first four air puffs and then recovered slightly in response to the fifth air puff from an orthogonal direction (Fig. 1C) . The m axim um velocity of each burst of running evoked by air puffs was decreased with repeated stim ulation ( Fig. 1D ; p ･ 6.58E-05, oneway repeated-m easures ANOVA); for exam ple, the walking elicited by the fourth puff was significantly slower than that in the naive response to the first puff ( Fig. 1D, top ; p ･ 0.0086, Dunnett's test). However, no significant adaptation was observed in the responses to the fifth puff from a different angle ( p ･ 0.9116). The response to the final puff from the initial direction was lower than the naive response ( p ･ 0.0033), indicating that the anim al had adapted to air puff stim uli from the direction m ost frequently experienced. The 180°to ･ 90°protocol experim ents, in which stim ulus angles for the frequent (first to fourth and sixth puffs) and novel (fifth puff) stim uli were switched (Fig. 1D, bottom ) , sim ilarly showed significant adaptation to the frequent stim ulus ( p ･ 0.0360, 0.0128 for fourth and sixth puffs, respectively), although transient recovery of the response to the novel stim ulus was not significantly different from the naive response ( p ･ 0.2198 for fifth puff). These results indicate that repetitive stim uli from a fixed angle induce stim ulus-direction-specific adaptation in wind-elicited walking behavior.
Direction-specific adaptation in wind-evoked responses in GIs We next investigated whether repeated puff stimulation inducing direction-specific behavioral adaptation modulates the directional sensitivity of individual GIs involved in wind-elicited behaviors. As in the behavioral experiments,four short(200 ms) puffswereapplied from an angle contralateral to the GI cell body (･ 90°), followed by a fifth puff applied from theposterior direction (180°).GIs8-1 and 10-2 generated a burstof action potentialsin responseto each puff ( Fig.2A) .Both types of GIsshowed adaptation to repeated stimulation:a stepwisereduction in the response to each puff was evident in both the number of spikes and the amplitude of EPSPs. In GI 8-1, however, the fifth puff applied from an angle of 180°elicited firings as vigorous as the naive response, indicating that GI 8-1 had selectively adapted to the angle from which the repetitive stimulus was delivered. As the interpuff interval was decreased, the firing in response to each of the second to the fourth puffs was attenuated in GI 8-1 (Fig. 2B ; p ･ 9.463E-15, 4.104E-22 and 1.329E-33 for 5, 2, and 1 s intervals, respectively; one-way factorial AN OVA), im plying that the degree of attenuation of the firing depended on the stim ulus interval. After the attenuation resulting from repeated puffs delivered at 5 s intervals, the firing to the fifth puff from another direction was recovered ( p ･ 0.0031 betw een third and fifth puffs, p ･ 0.0011 betw een fourth and fifth puffs, Tukey's test). Firing recovery was also observed for the 2 and 1 s intervals, but there was no significant difference between firings to the fourth and fifth puffs ( p ･ 0.11175, 0.27611 for 2 and 1 s intervals, respectively). The adaptation induced by repetitive stim ulation at higher frequency was probably too suppressive to allow the recovery of firings to the novel stim ulus for GI 8-1. Repetitive stim ulus-induced attenuation was observed in all GI types recorded, including 8-1, 9-2, 9-3, 10-2, and 10-3. The repeated stim ulation decreased the puff-evoked spikes of the GIs ( p ･ 2.198E-05, 8.434E-10, 2.978E-10, and 0.0005 for GIs 9-2, 9-3, 10-2, and 10-3, respectively; one-way factorial ANOVA), but had no effect on the response of m echanoreceptor afferents ( Fig.  2C ; p ･ 0.3682). These results dem onstrated that the attenuation of the GI response was not due to the adaptation of the prim ary m echanoreceptor neurons. Furtherm ore, the attenuation rate was dependent on GI type: the response of GI 8-1 was rapidly attenuated, whereas GI 10-2 adapted slowly to stim uli applied at sim ilar intervals, suggesting that the attenuation involves postsynaptic properties that vary between GI types. There was also a difference in the recovery rate of the response to the novel stimulus direction (fifth puff) am ong the types of GIs. For exam ple, sim ilarly to GI 8-1, GIs 9-2 and 9-3 showed recovery in response to the fifth puff from the adapted response to the third or fourth puff ( p ･ 0.0033, 0.0354 for GIs 9-2 and 9-3, respectively; Tukey's test), whereas the response in GI 10-2 rem ained attenuated or decreased further ( p ･ 0.1815). These results indicated that whether the adaptation to repeated stim uli is direction specific or direction nonspecific depended on the type of GIs.
Repeated stim ulation shifts directional tuning in GI 8-1 but not in 10-2 To determ inewhether attenuation of theresponseinduced by repetitive air puffs is direction specific or direction nonspecific, we examined the directional sensitivity to subsequent puff stim uli. In this experim ent, four short puffs were delivered from a ･ 90°angle contralateral to the GI cell body (Fig. 3A) at various intervals; the fifth puff was delivered from various directions. In GI 8-1, wind-evoked responses were attenuated across stim ulus angles, but the preferred angle shifted from ･ 135°to 180°in response to puffs applied at 1 or 2 s intervals (Fig. 3A, left) . Circular statistical analysis of the m ean anglecalculated from thetuning curves(seeMaterialsand Methods) showed a significantdifferencebetween naiveand adapted responses in GIs 8-1 (Fig. 3B, left ; p ･ 0.0490, Watson-William s test) and 9-2 ( Fig.3B,right ;p ･ 0.0181);that is,repeated stim ulation from a fixed angle altered the directional tuning of GIs 8-1 and 9-2.
When the stim ulus was delivered from ･ 90°, which was coincident with the direction of the repetitive puffs, the response was attenuated to a greater degree than when the delivery was from other directions such as ･ 135°or 180°. The greater the difference in the stim ulus angle between the novel and repetitive stim uli, the less attenuation was observed in the GI 8-1 respFigure2. AttenuationinGIresponsestoeachpuffduringrepetitivestimulation. A, Exampleoftheburstresponsetoeachpuffduringrepetitivestimulation. Thefirsttofourthpuffsweredelivered fromthesidecontralateral tothesoma(･ 90°; orangearrow), whereasthefifthpuffwasdeliveredfromtheposteriorside(180°). Blackbarsindicatethestimulusduration. Vertical scalebars, 20 mV; horizontal scalebar, 100ms. B, C, C hangesinspikenumberintheburstresponseduringrepetitivestimulation. Thefirsttofourthpuffsweredeliveredfromthesidecontralateral tothesoma (･ 90°), whereasthefifth puff wasdelivered fromvariousanglesother than ･ 90°. B, Dependencyof theadaptation on theinterpuff interval in GI 8-1. Thefiring responsestoeach puff were significantlyreduceddependingonthestimulusorderduring therepetitivestimulationatall interpuffintervals(p･ 9.463E-05, 36trialsin5GIsfor5sintervals; p･ 4.104E-22, 40trialsin6GIs for2sintervals; p･ 1.329E-33, 43trialsin6GIsfor1sintervals; one-wayfactorial ANOVA). ThenumbersofspikesevokedbythefirstpuffusedfornormalizationinBwere6.98･ 0.97, 5.18･ 0.49, and4.57･ 0.21forthe5, 2, and1sinterval experiments, respectively. C, AdaptationcurvesformechanoreceptorafferentsandforvarioustypesofGIs. Therepeatedpuffsweredeliveredat 1sintervals. Thefiringresponsesofall typesofGIsweresignificantlyreducedduringtherepetitivestimulation, butwerenotalteredinthemechanoreceptorneurons(p･ 8.434E-10, 17trialsin 3neuronsforGI 9-2; p･ 2.198E-05, 8trialsin1neuronforGI 9-3; p･ 2.974E-10, 42trialsin7neuronsforGI 10-2; p･ 0.0005, 8trialsin1neuronforGI 10-3; p･ 0.3682, 22trialsin6neurons formechanosensoryafferents; one-wayfactorial ANOVA). ThespikenumbersintheresponsetothefirstpuffusedfornormalizationinCwere9.79･ 3.19forGI9-2, 7.5forGI9-3, 20.37･ 4.36for GI 10-2, and4.25forGI 10-3, 22.16･ 4.10forsensoryafferents. Asterisksmarkresponsestothefifthpuffthatweresignificantlylargerthanthosetothesecond, third, orfourthpuff(*p･ 0.05, **p･ 0.01, Tukey' sposthoctest). PooleddatainBandCarerepresentedasthemean･ SEM. onse ( Fig. 3C, left; p ･ 3.35E-06, two-way repeated-m easures ANOVA). In addition, there was a significant difference in the attenuation rate am ong the intervals of the repeated stim uli ( p ･ 0.0188). These results dem onstrate that attenuation was induced in a direction-specific m anner and depended on the stim ulus intervals in GI 8-1. This difference in the attenuation rate depending on the stim ulus angle and on the stim ulus intervals was also observed in GI 9-2 ( Fig. 3C, right ; p ･ 0.00986 for stim ulus angle and 0.0165 for stim ulus interval, respectively, two-way repeated-m easures ANOVA). In contrast, in GI 10-2, the preferred angle was not m odulated by repeated stim ulation; the directional profile of the attenuated response was like that of the naive response (Fig. 3A,B ,m iddle;p ･ 0.5809,Watson-William s test) because the m agnitude of the attenuation was constant regardless of stim ulus angle or interval (Fig. 3C , m iddle; p ･ 0.671 for stim ulus angle and p ･ 0.124 for stim ulus interval).
Cytosolic Ca
2･ m ediates synaptic depression and attenuation of direction-specific responses Differences betw een GIs 8-1 and 10-2 in directional tuning responses to repeated stim ulation suggest that postsynaptic m odulation of transm ission efficiency at m echanoreceptor afferent-to-GI synapses is related to direction-specific or direction-nonspecific attenuation. To confirm that synaptic plasticity occurred during attenuation, EPSPs evoked by subthreshold stim ulation of the cercal nerve were m easured before and after the delivery of repeated air puffs. In response to 10 successive puffs applied at 1 s intervals, the EPSP am plitude w as reduced to 70 -80% for ･ 1 min (Fig. 4A) . That is, repeated stim ulation attenuated the GI response via short-term synaptic depression at cercal-to-GI synapses. In contrast, the paired-pulse ratio, w hich describes presynaptic changes, was unaltered by repeated stim ulation. This suggests that the synFigure3. Directional tuningshiftinGIsinducedbyrepetitivestimulation. A, Directional tuningcurvesforGIs8-1, 10-2, and9-2undercontrol andadaptedconditions. Red, green, andbluelines represent tuning curvesafter four puffswererepeatedlyapplied fromthesidecontralateral tothesoma(orangearrow) at 5, 2, and 1sintervals, respectively. B, Mean anglesrepresenting the directionaltuningproperties. Dashedlinesindicatethestimulusangleoftherepeatedpuffs(･ 90°). Thereweresignificantdifferencesinmeananglesamongthecontrol andadaptationconditions inGIs8-1and9-2, butnotinGI10-2(p･ 0.0490, 0.0181, and0.580forGIs8-1, 9-2, and10-2, respectively, Watson-Williamstest). C, Adaptedresponsesizeinspikecountsrelativetothecontrol (100% isindicatedbydashedline). Eachlineconnectingtheplotsrepresentsthedataobtainedfromasingleneuron. TheattenuationratesinthespikecountsdependedonthestimulusangleinGIs 8-1and9-2, butnotinGI10-2(p･ 3.35E-06, 0.00986, and0.671forGIs8-1, 9-2, and10-2, respectively, two-wayrepeated-measuresANOVA). Thedatainthisfigurewereobtainedfrom23trials in7neuronsforGI8-1, 22trialsin6neuronsforGI10-2, and16trialsin6neuronsforGI9-2. ThespikecountsinthemaximumresponseusedfornormalizationinAwere9.36･ 1.18, 35.88･ 7.18, and11.00･ 2.09forGIs8-1, 10-2, andGI 9-2, respectively. PooleddatainAandBarerepresentedasthemean･ SEM.
aptic depression induced by repetitive puffs results, not from the decrem ent of neurotransm itter release, but rather from postsynaptic m odulation of receptor sensitivity or m em brane properties.
The induction of synaptic plasticity at postsynaptic sites is largely triggered by the elevation of cytosolic Ca 2･ , which is a critical second m essenger that triggers signaling cascades and protein phosphorylation (Zucker, 1999) . Dendritic Ca 2･ elevation m odulates the responsiveness of cricket auditory neurons (Sobel and Tank, 1994; Baden and Hedw ig, 2007) and m ediates synaptic depression at the cercal-to-GI synapse (Ogawa et al., 2001) . A recent study indicated that a Ca 2･ -m ediated dendritic m echanism contributed to SSA in katydid auditory neurons (Triblehorn and Schul, 2013) . To exam ine the role of Ca 2･ in direction-specific attenuation, we injected the Ca 2･ chelator BAPTA into GIs responding to repetitive puff stim ulation. The concentration of BAPTA injected was 200 m M , which is four tim es higher than that required to suppress dendritic Ca 2･ elevation in GIs (Ogawa et al., 2001 ). The attenuation in responses to puffs delivered at 5 or 2 s intervals was dim inished by the BAPTA, whereas the attenuation of spike counts in the instantaneous response to 1 s stimulation was unaffected ( Fig. 4B ; p ･ 0.0370, 0.0001, and 0.7345 for 5, 2, and 1 s intervals, respectively, M ann-Whitney U test). In BAPTA-injected GIs, synaptic depression induced by the 1 s puffs recovered m ore rapidly to pre stim ulus levels (Fig. 4C) . The relative am plitude of EPSPs evoked in BAPTAinjected GIs w as larger than in control (dye-injected) GIs during the 60 -80 s poststim ulation period ( Fig. 4D ; p ･ 0.0265, M ann-Whitney U test). Postsynaptic Ca 2･ elevation in dendrites thus plays an im portant role in the attenuation of the wind-evoked response and in sustaining synaptic depression induced by repeated air puff stim ulation in the GIs. However, it rem ains unclear how the increase in postsynaptic Ca 2･ selectively reduces synaptic inputs from sensory afferents sensitive to the direction of the repeated stim ulus. We hypothesize that direction-specific or direction-nonspecific attenuation induced by repeated stim ulation from a fixed angle is due to differences in the spatiotem poral dynam ics of dendritic Ca 2･ elevation in GIs.
Directionality in dendritic Ca
2･ responses Previous Ca 2･ -im aging studies have dem onstrated that dendritic Ca 2･ responses in GIs display unique directional tuning properties (Ogawa et al., 2004 (Ogawa et al., , 2008 , suggesting that dendritic Ca 2･ accum ulation m ight vary in its spatial pattern depending on the stim ulus direction. To explore the directional tuning properties of local dendritic Ca 2･ responses in GIs 8-1 and 10-2, we visualized cytosolic Ca 2･ changes in vivo during air current stim ulation from various directions and examined the evoked Ca 2･ signals in various regions across the entire dendritic arbor. Figure 5A shows typical Ca 2･ responses to the air current stim uli in three different dendritic regions of GIs 8-1 (top three traces) and 10-2 (bottom three traces). We placed 19 (for GI 8-1) or 12 (for GI 10-2) ROIs on whole neurites, including dendritic branches (Fig. 5A, left insets) . In all ROIs, the air current stim ulus induced a transient increase in OGB-1 fluorescence.Theam plitudeof theCa 2･ increasedepended on thestim ulus directions, m eaning that the Ca 2･ responses in the GIs had distinct directional selectivity to the air current stim uli. Based on this result, we analyzed the directional tuning characteristics at individual subcellular locations. In the polar plots in Figure 5B , which indicate the directional tuning curves m easured from three ROIs shown in Figure 5A , the am plitude of the transient increase in Ca 2･ are plotted according to stimulus direction. These plots showed that the preferred directions in dendritic Ca 2･ response were basically at the sam e angle (･ 135°),but the shapes of the tuning curves were different. Population data for the tuning curves based on the Ca 2･ and spike responses show that the directional tuning curves were more various in GI 8-1, but sim ilar to each other and close to the spike tuning curve in GI 10-2 (Fig. 5C ). To com pare the directional tuning properties of Ca 2･ responses across dendritic locations, we calculated m ean angles based on the am plitude of the dendritic Ca 2･ response for all ROIs and superim posed them on neuronal m orphology as a heat m ap (Fig. 5D) . In GI 8-1, the m ore distal regions of dendritic branches showed larger differences from one another in directional tuning and the differences gradually decreased from distal to proxim al along the dendritic branch. In contrast, the dendritic Ca 2･ responses in GI 10-2 showed similar directional preference throughout the dendrites. In other words, GI 8-1 displayed various spatial patterns of Ca 2･ accum ulation depending on the stim ulus direction, whereas GI Figure6. DendriticCa 2･ dynamicsinGIsduringrepetitivestimulation. A, Pseudocoloredimagesshowingtypical Ca 2･ elevationinGIs8-1(top)and10-2(bottom). Images1-5wereacquired atthepeakof theCa 2･ response(indicatedbydottedlinesin B) toeachpuff appliedfromthesidecontralateral tothesomaat1Hz. B, Timecourseof Ca 2･ changesduring arepetitive, 1Hz stimulation. ThreetraceswereobtainedfromthreedifferentROIs(1-3) , shownintheleftimages. Arrowsindicatethetimingofeachstimulus. C, TimecourseoftheCa 2･ changeinROI1during repeatedstimulationatvariousintervals. D, E, Changesinthepeakvalueoftransients(D)andtheprestimulationlevel (E)oftheCa 2･ signalduringfouriterativepuffsdeliveredatvariousintervals. Eachvaluewasscaledbythecorresponding valuefortheresponsetothefirstpuff. InGI 10-2, boththeCa 2･ transient peakand thebasal Ca 2･ level significantlyincreaseddepending onthe stimulusorder(p･ 1.18E-05and9.45E-12forpeakandbasal levels, respectively; 12measurementsfrom4ROIsof2neurons; two-wayrepeated-measuresANOVA), butinGI8-1, bothaspectsof theCa 2･ signal werereducedorunaltered(p･ 5.42E-06and0.1121forpeakandbasal levels, respectively; 16measurementsfrom8ROIsof4neurons).
10-2 displayed sim ilar patterns of Ca 2･ accum ulation regardless of the stim ulus direction.
Different spatiotem poral patterns of Ca 2･ accum ulation between GIs We next focused on the spatial and tem poral dynam ics of Ca 2･ accum ulation over the dendrites of GIs 8-1 and 10-2 during repeated stim ulation (Fig. 6A,B) . For GI 8-1, the peak values of transient increase in Ca 2･ were nearly constant throughout stimulus delivery (Fig. 6B, top) and high Ca 2･ levels were restricted to local regions of dendrites (Fig. 6A, top) . In contrast, for GI 10-2, Ca 2･ increases evoked by each puff accum ulated in a stepwise fashion (Fig. 6B, bottom ) and extended over the whole dendritic arbor (Fig. 6A, bottom ) . Differences in the tem poral profiles of Ca 2･ accum ulation were m ore obvious in responses to puffs applied at various intervals (Fig. 6C) . The peak value of each Ca 2･ transient did not vary with the interpuff interval in GI 8-1, whereas shorter intervals between stim uli induced greater Ca 2･ accum ulation in GI 10-2. The dendritic Ca 2･ response in GI 10-2 thus gradually increased both in term s of the Ca 2･ transient peak and the basal Ca 2･ level preceding the next puff with successive stim ulus application ( Fig. 6D,E ; p ･ 1.18E-05 and 9.45E-12 for peak and prestim ulation levels, respectively, two-way repeatedm easures ANOVA). In contrast, both of these aspects of the Ca 2･ signal in GI 8-1 were less pronounced or unaltered ( p ･ 5.42E-06 and 0.1121 for peak and prestim ulation levels, respectively). In both types of GIs, the dendritic Ca 2･ accum ulation was higher in peak value and the prestim ulation level at the shorter stim ulus intervals ( p ･ 0.0352, 0.0004, 0.0022, and 3.15E-05 for the peak and prestim ulation levels in GIs 8-1 and 10-2, respectively). The Ca 2･ -im aging results confirm ed that repeated stim ulation induced a large Ca 2･ accum ulation in GI 10-2 and m aintained a high Ca 2･ level throughout the dendrites. In contrast, each transient rise in Ca 2･ declined rapidly in GI 8-1 and the area of Ca 2･ accum ulation was m ore localized in the dendritic arbor. There were, however, no significant differences between GIs 8-1 and 10-2 in decay tim e constants for the dendritic Ca 2･ rise evoked by a single action potential ( Fig. 7 ; p ･ 0.3195, M ann-Whitney U test), suggesting that both types of GI have a sim ilar Ca 2･ -buffering capacity.
Discussion
In this study, repeated air puff stim ulation delivered from a fixed angle induced direction-specific adaptation in wind-elicited walking behavior and firings in GIs, the key neurons for this behavior. Furtherm ore, iterative stim ulation induced Ca 2･ -m ediated short-term depression at sensory afferent-to-GI synapses. These results point to an SSA m echanism functioning at the intracellular, circuit, and behavioral levels. We reported previously that repeated puffs of air from a fixed angle tem porarily reduce firing responses in GI 8-1 (Ogawa et al., 2001) . Interestingly, som e GIs, including 8-1, exhibited direction-specific adaptation in their responses, but others, such as 10-2, adapted to all stim ulus directions regardless of the stim ulus angle. The dendritic Ca 2･ accum ulation that leads to adaptation to repeated stim ulation differed in its spatial distribution between GIs 8-1 and 10-2. Spatially localized Ca 2･ signals in dendrites selectively regulate m any postsynaptic reactions triggering m odification of synaptic strength and structure (Augustine et al., 2003) . Previous im aging studies have revealed that Ca 2･ responses in distinct GI dendritic branches display unique directional tuning properties (Ogawa et al., 2004 (Ogawa et al., , 2008 . In addition, GI 8-1 exhibited a variety of directional sensitivity in its Ca 2･ responses depending on the dendrite location, suggesting that the dendritic Ca 2･ signal is enhanced at synaptic sites activated by stim uli from a specific direction.
Based on both previous and present results, we propose the following neural m echanism underlying direction-specific adaptation in wind-elicited walking behavior in crickets. GI 8-1 (and possibly other types of GIs) generates fewer spikes in response to a short air puff than other GI types such as 10-2. Repeated stimulation therefore evokes transient increases in Ca 2･ in dendrites, but these transients do not accum ulate uniform ly in GI 8-1 dendrites. Because the high Ca 2･ concentration is spatially restricted, synaptic depression is induced only locally at specific synaptic sites, thereby reducing sensitivity to the direction of repetitive stim uli in GI 8-1. Oe and Ogawa (2013) reported that laser ablation of GI 8-1 reduced walking distance in the initial response to an air puff stim ulus. GI 8-1 is likely involved in the m aintenance of walking; therefore, the direction-specific attenuation induced by local Ca 2･ -m ediated synaptic depression in GI 8-1 and other GIs would be expected to reduce walking in response to a stim ulus from a specific direction.
In contrast, GI 10-2 responds with sustained, high-frequency spike bursts to air puff stim uli (M iller et al., 1991; Clague et al., 1997; Ogawa et al., 2008) , which produce larger Ca 2･ transients that accum ulate and result in global Ca 2･ elevation throughout the dendritic arbor. Furtherm ore, the dendritic Ca 2･ signals in GI 10-2 are m ore hom ogeneous in their directional tuning, lead- Figure 7 . Ca 2･ -buffering capacityin GIs. A, Timecourseof thetypical Ca 2･ transientsinducedbyasingleactionpotential inGIs8-1and10-2. Fluorescencesignalsweremeasuredinthree regionscorresponding totheinitial segmentandipsilateral andcontralateral dendritesforindividual cellsasindicatedintheleftimagesinFigure6B. Vertical scalebars, 0.2% forGI8-1and0.5% forGI10-2in･ F/F; horizontalscalebars, 1s. B, TimeconstantoftheCa 2･ decayinGIs8-1and10-2. TherewasnodifferenceintheCa 2･ -bufferingvelocitybetweenGI8-1andGI10-2(p･ 0.3195; 51measurementsfrom24ROIsin8neuronsforGI8-1, 37measurementsfrom20ROIsin8neuronsforGI10-2; Mann-WhitneyUtest). TheboxplotpropertiesareasdescribedinthelegendforFigure4D.
ing to a sim ilar distribution of the Ca 2･ accum ulation regardless of stim ulus direction. Therefore, synaptic depression at all synaptic sites reduces sensitivity to all stim ulus angles, resulting in little effect of repetitive stim ulation on the directional tuning curves. This robustness and stability in the directional selectivity of GI 10-2 would ensure consistent encoding of air current inform ation. A set of four interneurons (right and left GIs 10-2 and 10-3) accurately encodes the direction and velocity of airflow against a background of intrinsic adaptation and axonal conduction noise (Miller et al., 1991; Theunissen and Miller, 1991; Theunissen et al., 1996; Clague et al., 1997; Aldworth et al., 2012) . Other GIs, such as 10-2, m ay not contribute to direct m otor control of wind-elicited walking, but m ay instead convey sensory inform ation for perceiving the location of a stim ulus source to higher centerssuch asthebrain and thoracic ganglia.Therefore,it is possible that selective synaptic depression induced by local Ca 2･ accum ulation in dendrites of key neurons directly involved in directional m otor control underlies direction-specific behavioral adaptation, whereas som e neurons that contribute to encoding the sensory inform ation m ay be less affected by repetitive stim ulation.
In other species of crickets and katydids, Ca 2･ -and Na 2･ -m ediated K ･ channels are thought to contribute to acoustic processing and adaptation in auditory interneurons (Sobel and Tank, 1994; Baden and Hedwig, 2007; Triblehorn and Schul, 2013) . It has also been reported that spike frequency adaptation in a visual neuron in the locust is m ediated by a Ca 2･ -dependent K ･ conductance, which is sim ilar to that associated with SK channels in vertebrates (Peron and Gabbiani, 2009) . BAPTA injection into the dendrites of GIs suppressed the attenuation of the response to repeated puffs of air delivered at the 2 and 5 s intervals, but not at the 1 s interval. This result provides evidence that the direction-specific adaptation could be m ediated by dendritic Ca 2･ accum ulation. Adaptation to the frequent stim uli delivered at intervals of a few seconds was direction specific, but m ore frequent stim uli, such as at the 1 s interval, caused greater adaptation to all directions. It is likely that Ca 2･ -m ediated m odulation of K ･ channels regulates the im m ediate adaptation of spiking activity, which has a sim ilar tim e course as the behavioral adaptation. Further, BAPTA affected the later phase of synaptic depression, during which the paired-pulse ratio did not change. Input resistance in dendrites of GIs is unaltered during shortterm depression induced by tetanic stim ulation of cercal afferents (Ogawa et al., 2001) , suggesting that the m odulation of ligandgated channels by Ca 2･ also m ediate synaptic depression for adaptation in cricket GIs. The later phase (60 -80 s after the repetitive puffs) of Ca 2･ -dependent synaptic depression m ay depend on the other signaling cascades after an increase in Ca 2･ concentration, which m ay regulate the m odification of ligandgated channels.
Conversely, neither the response attenuation nor the earlier phase (up to 40 s after the repetitive puffs) of the synaptic depression induced by the repetitive stim ulation at 1 s intervals were affected by the BAPTA injection. This im plies that the adaptation to m ore frequent stim uli also relies on other m echanism s such as m odulation of inhibitory inputs and depletion of the neurotransm itter within the sensory afferents. The im m ediate, acute direction-nonspecific adaptation induced by highly frequent stim uli (such as at 1 s interval) probably results from decrem ent of transm itter release, whereas m odulation of the inhibitory circuit m ay occur during the earlier phase of the synaptic depression. GI 8-1 receives inhibitory inputs from cercal afferents ipsilateral to its som a , so it is possible that m odulation of inhibitory inputs to GIs via local circuits within the TAG is also related to direction-specific adaptation. For exam ple, a process analogous to SSA was found in a cultured cortical neuron network using an oddball-like paradigm of electrical stim ulation (Eytan et al., 2003) . In this experim ent, bicuculline, a blocker of GABA transm ission, abolished the selective enhancem ent in response to a novel stim ulus and it was proposed that adaptation of the inhibitory circuits led to SSA. In addition, adaptation to short visual stim ulation reverses the directional preference of direction-selective retinal ganglion cells (Rivlin-Etzion et al., 2012) . Therefore, even within a hardwired peripheral circuit, sensory processing for detecting features such as stim ulus direction can be altered by repeated exposure to the sam e stim ulus.
The present findings on direction-specific adaptation in the cricket m echanosensory system are the first illustration of subcellular adaptation m echanism s of specific neurons underlying behavioral SSA. A neural correlation between behavioral habituation and SSA has been observed in an owl's gaze control in response to auditory stim uli (Netser et al., 2011) ,but it is difficult to use SSA to describe individual neuronal responses to behavioral habituation in the m ore com plex nervous system s of birds and m am m als. In m am m als, this phenom enon has been explained by differential adaptation to inputs by cells exhibiting SSA (May and Tiitinen, 2010) . It was also proposed that SSA in the auditory cortex em erges from variable adaptation of channels that span the receptive field of neurons (Taaseh et al., 2011) . Ca 2･ -m ediated depression at local dendritic sites allows GIs to selectively reduce the response to input channels from a specific stim ulus direction. In an im aging study on insect auditory interneuron, Prešern et al. (2015) reported that Ca 2･ and Na ･ accum ulations resulting in frequency-specific adaptation were restricted within the stim ulated region of the dendrite. Dendritic com partm entalization of such cationic signals m ay be a com m on basis for subcellular m echanism s of SSA in insect neurons. Finally, differences in SSA between GIs 8-1 and 10-2 im ply that the adaptation of these cellsisdirectly correlated with the division of their rolesin behavioral control.Thedirection-specificadaptation in GI 8-1 related to m otor control in wind-elicited walking suggests that Ca 2･ -m ediated depression underliesthehabituation of specific behaviors. Although the ethological significance of these findings rem ains unclear, direction-specific adaptation m ay enable the cricket to detect approaching predators and accurately direct oriented escape behaviors under windy conditions. For all anim als, including insects, detecting deviations from fam iliar or typical stimuli is a task of the sensory system that is essential for survival. SSA, which is basic to this task, likely occurs at various levels in sensory system s. Previous attem pts to explain SSA in the m am m alian brain described them odulation of circuitsbytheenvironm ent;thepresent study has dem onstrated that SSA in an innate insect behavior relies on stim ulus-dependentintracellular Ca 2･ dynamicsin key neurons, which prom pts a reconsideration of SSA in com plex system s.
